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Against the background of carbon peaking and carbon neutralization, green technology
innovation plays an important role in promoting the energy total factor productivity (TFP).
This study verifies the impact of green technology innovation on energy TFP in a complete
sample and the subsamples by region, by constructing a panel threshold model, and
analyzes its influence mechanism on the basis of the mediating effect test based on annual
provincial data of mainland China from 2005 to 2018. The empirical results reveal the
following: first, with the level of economic development as the threshold variable, there is a
threshold effect in the impact of green technology innovation on the energy TFP; second,
green technology innovation has an impact on the energy TFP through industrial structure
upgrading; that is, industrial structure has a mediating effect in the influence mechanism;
and third, there is heterogeneity in the impact of green technology innovation on the energy
TFP among different regions in China, and the threshold effect only exists in the western
region, since the central and eastern regions have crossed a certain developmental stage.
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INTRODUCTION

Energy TFP is usually defined by the ratio of energy input to output (Perez-Lombard et al., 2013).
The promotion of energy TFP plays an important role in the sustainable development of the
economy. The energy TFP includes the input of a series of means of production such as labor, energy,
and capital, and is accompanied by the expected output GDP and the non-expected output carbon
dioxide emissions. From the perspective of input, the promotion of energy efficiency avoids excessive
energy consumption, and in terms of the output, it reduces the excessive damage to the environment.
The energy TFP can reflect the efficiency of comprehensive development and utilization of energy to
a large extent, and also helps to identify the state of economic growth, that is, whether economic
growth depends on the consumption of energy scale or the improvement of energy use efficiency. A
lot of literature works related to energy TFP have discussed ways to improve efficiency. Xie et al.
(2014) measured energy TFP in the OECD and BRIC countries and found that the adjustment of the
energy structure has a certain impact on energy TFP. Energy consumption can be reduced by
restructuring industries so as to improve energy TFP (Xiong et al., 2019; Zhu et al., 2019; Yu, 2020).
The efficiency of technological innovation is the main reason for energy TFP improvement in the
industrial sector, and the effect of the technological progress on energy TFP is gradually increasing
(Fisher-Vanden et al., 2006; Baccarelli et al., 2016; Naranjo et al., 2019). Miao et al. (2018)
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demonstrate the significant positive driving effect of technology
innovation on energy TFP. Hellsmark et al. (2016) believed that
industrial technology innovation can rapidly improve energy TFP
so as to achieve rapid industrial growth and expansion. From the
perspectives of changing energy structure, adjusting industrial
structure, and technology innovation, the related literature fully
demonstrates the effectiveness of technology innovation in
improving energy TFP. However, the adjustment of energy
structure and industrial structure is more dependent on the
resource endowment of economic subjects, while technological
innovation improves the energy utilization efficiency through
improvement at the technological level, which has a more
realistic value.

Energy TFP measurement needs to focus not only on the
desired output but also on the undesired output. Based on the
consideration of environmental factors, energy TFP
measurement involves two aspects of the output: desired
output and undesired output. The desired output refers to the
output, such as GDP, which can increase human material
products and services to a certain extent. The undesired
output refers to additional products that have a negative effect
on the human environment and health due to the consumption of
energy and other elements in the production process, such as the
greenhouse effect caused by carbon dioxide emissions in the
production process. Too many studies have mainly focused on
the contribution of energy to economic development, with less
consideration on the impact of energy consumption on
environmental quality, that is, ignoring the issue of the
relationship between energy consumption and sustainable
development. With the increasing prominence of
environmental problems, more and more studies have
included environmental factors into the consideration of
energy TFP measurement to reduce the deviation in the
process of energy TFP measurement (Zhang et al., 2011; He
et al., 2013; Yang and Wang, 2013; Simsek, 2014; Vlontzos et al.,
2014). Environmental regulation significantly promotes green
technology innovation and reduces environmental pollution in
the process of economic development (Du et al., 2021). Hu and
Wang (2006) constructed a full-factor energy efficiency analysis
framework tomaximize the energy TFP output to improve energy
TFP, which means that improving energy TFP should not only
increase the desired output but also pay attention to the
weakening of the undesired output. Environmental regulation
can reduce the undesired output such as carbon dioxide, while
improving energy TFP through technological innovation can play
an essential role and have global strategic significance.

Technological innovation promotes the maturity of
production technology and the development of new products,
thus improving efficiency significantly. From the perspective of
the innovation system, the improvement of energy TFP by
technological innovation is to reduce the leakage in the
process of energy use by means of process transformation, and
then to improve the total factor productivity of energy. From the
perspective of industrial ecological chain, technological
innovation promotes the upgrading of the regional structure
and the exchange and cooperation between the industrial
structure, and innovation jointly promotes technological

innovation and industrial structure upgrading (Greunz, 2004;
Motohashi and Yun, 2007; Altenburg et al., 2008), and adjusting
industrial structure can improve energy utilization efficiency as
well (Zhao et al., 2010; Zhou et al., 2013; Yu et al., 2016; Wang
et al., 2020). The technical level of energy TFP production
depends on the technological innovation ability; empirical
results show that the enhancement of technological innovation
ability can effectively improve energy efficiency and reduce
energy consumption intensity (Du and Yan, 2009; Zhong and
Li, 2020). Wagner et al. (2014) found from innovative activities,
with potential environmental impact that the potential of
technological innovation is unlimited. Although technological
innovation has a strong effect on efficiency, pure technological
innovation does not take into account the external effects of the
environment, so green technology innovation is more in line with
the goal of sustainable development (Li and Liao, 2020).
Considering that technological innovation promotes the
upgrading of the industrial structure and thus has an impact
on energy TFP, this study chooses the upgrading of the industrial
structure as a mediating variable to study the indirect impact of
green technological innovation on total factor productivity of
energy.

Green technology innovation belongs to the scope of
technological innovation, which is the general name of
management and technology innovation aimed at protecting
the environment. In the process of innovation practice,
although some innovations can greatly improve productivity,
they do not consider the external effects on the environment;
for example, technological innovation is simply about increasing
the output in energy-intensive industries. As a result, various
industries abide by the green principle and pay more and more
attention to economic development and environmental problems
(Gorelick and Walmsley, 2020; Sukharev, 2020). Green
technology follows the ecological principle and the law of
ecological economy, considers the saving of resources and
energy in the process of innovation, avoids, eliminates or
reduces the pollution and damage to the ecological
environment in the process of innovation, and maintains the
minimum ecological negative effect in technological innovation.
Green technology innovation aims to achieve long-term
sustainable development; produce economic, environmental,
and social benefits; save resources and energy; and eliminate
or reduce environmental pollution and degradation (Zhou et al.,
2014; Li et al., 2018). Because green technology innovation
considers the external efficiency of the environment, there
may be conflicts between self-interests and social benefits in
the process of enterprises’ implementing green technology
innovation, thus reducing the power of green technology
innovation (Braun and Wield, 1994; Li et al., 2019a).

The significant effect of technological innovation on energy
TFP is based on the consistency of interests which belong to
stakeholders, but the impact of green technology innovation on
the interests of stakeholders may be different. Green technology
innovation may increase the production cost of enterprises, and
the improvement of energy TFP requires more consideration of
environmental externalities. Therefore, whether green technology
innovation has an impact on energy TFP needs to be explored in
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both theory and practice. Based on this, this article studies the
impact of green technology innovation on energy TFP.

This article focuses on the impact of green technology
innovation on energy TFP. Its marginal contributions are as
follows: first, green technology innovation that will involve
subject behavior and external environmental effects related to
the subject’s behavior is considered in a framework. Most of the
existing literature works only consider green technology
innovation or the total factor productivity of energy, and less
considers external effects such as environment. In this article,
green technology innovation is separated from the innovation
system, the undesired output is included in TFP measurement,
green technology innovation is included in the behavior of the
innovation subject, and external effect of environment is
considered in energy TFP measurement. Second, the threshold
effect of green technology innovation on energy TFP is studied. In
the process of empirical analysis, it is found that green technology
innovation does not necessarily have a significant impact on
energy TFP, but through the threshold effect model, it is found
that when the level of economic development is the threshold
variable, there is a threshold effect in the impact of green
technology innovation on energy TFP. Third, the mediating
effect mechanism of green technology innovation on energy
TFP was studied. Through the selection and experiment of
different mediating variables, this article empirically tests the
mediating effect of the industrial structure in the impact of green
technology innovation on energy TFP. Fourth, there is spatial
heterogeneity in the impact of green technological innovation on
energy TFP. Since China’s economy has very strong regional
heterogeneity, according to the basic situation of economic
development in the area of space, this article divides the full
sample into three subsamples: the eastern, the central, and the
western regions, to study the heterogeneity.

The structure of the rest of this article is as follows: the second
section is about the measurement of the impact of green
technology innovation on energy TFP, including model
setting, variables, data sources, and test results. The third
section focuses on the influence mechanism analysis of green
technology innovation on energy TFP. In terms of the technology
of testing the mediating effect, this part estimates the parameters
and analyzes the mediating effect by setting the mediating effect
model. The fourth section is about the heterogeneity analysis of
the impact of green technology innovation on energy TFP.
According to the basic situation of economic development, the
full sample is divided into three subsamples, and the
heterogeneity is analyzed. The fifth section draws the basic
conclusion.

ECONOMETRIC TEST OF THE IMPACT OF
GREEN TECHNOLOGY INNOVATION ON
ENERGY TOTAL FACTOR PRODUCTIVITY
Panel Threshold Model Setting
The improvement of energy TFP by technological innovation has
been proven in a lot of literature works, but whether green
technology innovation affects energy TFP needs to be tested

with more empirical evidence. From the perspective of the
relationship between technological innovation and energy TFP,
technological innovation requires costs; the greater uncertainty of
green technological innovation means that enterprises are facing
greater uncertainty in technological innovation; this uncertainty
makes enterprises, as the main body of technological innovation,
more inclined to realize their self-interests when making
decisions, and then tend to ignore the strategic interests.
Accordingly, in the face of various external constraints,
enterprises have very great differences in their green
technology innovation motivation, so green technology
innovation has an impact on total factor productivity, but this
impact needs to be verified through econometric tests.

In different stages of economic development, the strength and
consciousness of enterprises to support green technology
innovation are different. For example, in regions with a high
degree of economic development, people have higher demand for
products and environmental quality, and the corresponding
innovation subjects can bear greater risks of technological
innovation and research. Therefore, there is a certain
threshold for the impact of green technology innovation on
energy TFP in theory.

On that basis, this study assumes that green technology
innovation has a significant effect on energy TFP, and this
effect is nonlinear and has a threshold effect, and the variable
of the core threshold effect is the level of economic development.
The threshold effect model can examine the function between the
two and the threshold effect (Liu et al., 2020). In this study, the
level of economic development is taken as the threshold variable,
and the panel threshold model proposed by Hansen is adopted
(Hansen, 1999). The basic form of the model is as follows:

EEit � μi + β1GTIitI(EDIit ≤ c) + β2GTIitI(EDIit > c)
+ λ1controlit + εit , (1)

where EEit represents the energy TFP, which is used to measure
energy efficiency; GTIit represents the green technology
innovation; threshold variable EDIit is the economic
development level; c is the threshold value to be estimated;
I(·) is the indicator function; and when the condition in
parentheses is satisfied, I(·) � 1; otherwise, it is 0. μi is a fixed
effect, which is used to describe the heterogeneity of different
provinces at different levels of economic development; εit is the
error term. In addition, i represents different provinces and t
represents different years.

After the threshold and slope values are estimated, the
significance of the threshold effect should be tested. The basic
principle of testing the threshold effect is as follows. Taking single
threshold as an example, the null hypothesis and test statistics of
the model are obtained as follows:

H0: β1 � β2 F1 � (S0 − S1(ĉ))/σ̂21. (2)

If the null hypothesis is rejected, there is threshold effect in the
impact of green technological innovation on energy TFP. S0 is
the sum of squares of residuals obtained under the null
hypothesis H0, and S0 ≥ S1(ĉ). Under the null hypothesis,
the threshold value c of the economic development level

Frontiers in Environmental Science | www.frontiersin.org June 2021 | Volume 9 | Article 7109313

Wang et al. Energy Total Factor Productivity

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


needs to be evaluated, so the distribution of F1 is
nonstandard, but the bootstrap method can be used to
simulate its asymptotic distribution, so the confidence
interval of distribution F1 in Eq. 2 can be obtained.

After determining the threshold effect of the economic
development level, it is necessary to test whether the threshold
estimated value ĉ is equal to its true value. The null hypothesis of
the single threshold model and the corresponding test statistics
are as follows:

H0: ĉ � c0 LR1(c) � (S1(c) − S1(ĉ))/σ̂21, (3)

where the LR distribution is also nonstandard. This study
adopts a formula proposed by Hansen (1999); that is, when
LR1(c)> − 2ln(1 − �����

1 − α
√ ) (α is the significant level), the null

hypothesis is rejected.

Variable and Data Description
Variable Description
Energy TFP is the explained variable, which is measured by the
ratio of energy consumption to GDP in many studies. This
method of measuring energy efficiency is not responsive to the
dynamic change of efficiency (Hang and Tu, 2007; Adom and
Kwakwa, 2014). In the continuous research of energy TFP, some
methods such as index decomposition analysis (IDA), parametric
stochastic Frontier analysis (SFA), and nonparametric data
envelopment analysis (DEA) have been proposed to measure
energy efficiency or total factor productivity (Zhou et al., 2012;
Filippini and Hunt, 2015; Li et al., 2019b; Liao and Drakeford,
2019; Zheng et al., 2020). These methods can dynamically
investigate the dynamic changes of energy efficiency or total factor
productivity, and then study the effects of other factors on energy TFP,
but thesemethods do not consider the interest correlation between the
evaluation subjects. The cross-efficiency evaluation can dynamically
investigate the dynamic changes of energy TFP on the basis of self-
evaluation and other evaluation so that the evaluation results are
comparable, and a complete ranking result can be obtained. Therefore,
this study selects the DEA cross-efficiency model to measure energy
TFP. The basic form is as follows:

Let S be the number of provinces selected in this study; then
the vectors of m energy input indexes and n energy output of the
decision-making unit DMUi are expressed as Xi �
(x1i, x2i, · · · · ··, xmi)T > 0,Yi � (y1i, y2i, · · · · ··, yni)T > 0, 1≤ i≤ s,

θ̂di � Max∑
n

r�1urdyrd . (4)

• The constraints are

∑
m

j�1μjdxji −∑
m

j�1ujdyji ≥ 0, (5)

∑
m

j�1μjdxjd � 1, (6)

∑
m

j�1μjdxjd − θd∑
m

j�1ujdyjd � 0, (7)

μjd ≥ 0, j − 1, 2,//,m, (8)

ujd ≥ 0, j � 1, 2,//, n, (9)

where θ̂di represents the cross-efficiency value of DMUi (1≤ i≤ s)
based on DMUd . The value of the final energy TFP of DMUi is

expressed by the average value of the cross-efficiency values of
decision-making units DMUd from DMU1 to DMUs.

In the energy TFP calculation, it usually takes into account the
input of the means of production, while this study also focuses on
the expected and unexpected outputs. Labor, capital stock, and
energy consumption are used as input indicators. The number of
urban employment is used to measure the labor force, the
perpetual inventory is used to estimate capital stock, and the
basic equation is Ki,T � Ki,T−1(1 − δi,T ) + Ii,T , where i and T are
the i-th province and the T-th period, δ is the economic
depreciation rate, I is the total fixed capital formation, the
initial capital stock is obtained by dividing the fixed capital in
the initial year by 10%, and the economic depreciation rate δ is set
at 9.6% (Zhang, 2008). Energy consumption is measured by the
total amount of energy consumption in each province.

The desired output of energy TFP is measured by GDP, and
the undesired output is measured by carbon dioxide emission.
The details are shown in Table 1. Data of GDP are converted to
real regional GDP with the year 2000 as the base year. Carbon
emissions are estimated by the direct method:
CO2i � σcVc + σoVo + σqVq, where Vc, Vo, and Vq represent
the energy consumption of coal, oil, and natural gas,
respectively, for the production of region i, and σc, σo, and σq
represent the carbon emission coefficients of coal, oil, and natural
gas, respectively.

The explanatory variable is green technology innovation,
expressed by the number of green patent application,
including green invention patents and green utility model
patents. The control variables of the model include foreign
direct investment (FDI), industrial structure (IS), and energy
price. FDI which is closely related to economic development is
measured by the proportion of foreign direct investment in
regional GDP (Li et al., 2019c), IS was measured by the
proportion of the output value of secondary industry in GDP,
and the energy price is calculated by this formula:
PE � λcPc + λoPo + λePe, where λc, λo, and λe represent the
proportion of coal, oil, and electricity in total energy
consumption in each year, respectively, and Pc, Po, and Pe
represent the average price of coal, oil, and electricity in turn,
respectively. The energy price is calculated by multiplying the
annual fuel and power purchase index of each province by the
energy price of the previous year. The threshold variable is the
level of economic development, measured by per-capita GDP in
each region and adjusted to a constant price based on 2000
(Matei, 2020). The mediating variable is the upgrading of the
industrial structure, which is measured by the hierarchical
coefficient of the industrial structure. The specific formula is
W � 3q(3) + 2q(2) + q(1), where q(1), q(2), and q(3) are the
proportions of the added value of the primary, secondary, and
tertiary industries, respectively.

Data Sources
The sample data are from 30 provinces of mainland China (the
sample does not include Hong Kong, Macao, Taiwan, and Tibet
due to data problems) in 2005–2018. The time frequency of the
data is set to year. The green patent data come from CNRDS
green patent-GPRD database. The data of urban employment,
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total energy consumption, and the added value of the primary,
secondary, and tertiary industries are derived from the China
Energy Database. The output value of the secondary industry and
the regional GDP are derived from the annual statistical
yearbooks published by the National Bureau of Statistics.
Gross fixed capital formation of the whole society comes from
the Wind Database. Foreign direct investment data are from the
provincial statistical yearbooks. The purchase price indexes of
fuel and power come from the China Price Yearbook. The “China
Price Yearbook (2004)” has a relatively comprehensive record of
various energy prices, so they can be used to calculate the average
price of the three energy sources in 2003 and convert into the
form of yuan/ton standard coal to get the energy price in 2003.
Other variables are shown in Table 2.

According to the data source, relevant data are collected and
relevant variables are measured. The descriptive statistics of each
variable are shown in Table 3.

It can be seen from Table 3 that the variation degree of each
variable is quite great, especially the variable of the level of
economic development. Table 3 describes the basic
characteristics of the data for 30 provinces in China from
2005 to 2018, including the average values, standard deviation,

minimum, and maximum values. For the green technology
innovation data, there is a large gap between the maximum
value 5.603 and the minimum value 0.001, which indicates
that there are significant gaps in the level of green technology
innovation among different regions. In terms of standard
deviation, the standard deviation of energy price is the largest,
followed by that of the level of economic development. From the
discrete degree of these indicators, it can be seen that there is a
large standard deviation in the three variables of the economic
development level, energy price, and green technology innovation
level, which indicates that heterogeneity exists in the field of green
technology innovation and energy technology. Heterogeneity
research can be analyzed from different perspectives and
methods to explore the development law of things and the
internal relations of some influencing factors in a more
comprehensive way (Li et al., 2020a; Li et al., 2020b; Li and
Zhong, 2020; Li et al., 2021a; Li et al., 2021b).

Empirical Results
On the basis of the constructed threshold model, it is necessary to
determine the existence of threshold effect and the number and
size of the threshold value. Using sample data, the existence of
threshold effect is tested, and the test results are shown in Table 4.

Table 4 shows that with the level of economic development as
the threshold variable, green technology innovation has a single
threshold effect on energy TFP. The F statistics value of the single
threshold effect test is 68.59, passing the significance test at 95%
confidence level, while the F statistics value of the double threshold
effect is 9.98, failing the significance test. Judging from the F statistics
in Table 4, the impact of green technology innovation on energy TFP
does cause a single threshold effect based on the level of economic
development. The threshold estimate of the variable of the economic
development level is 7.248. The single threshold effectmodel is used to

TABLE 1 | Input–output variables used to measure energy TFP.

Variable Abbreviation Measurement Source Unit

Input variable Labor LAB The number of urban employments China macro database Thousand people
Capital CAP The perpetual inventory Wind database Hundred million yuan
Energy CON The total amount of energy consumption China energy database Thousand tons of coal

Output variable Desired output GDP Regional GDP National bureau of statistics Hundred million yuan
Undesired output CO2 Carbon dioxide emissions China energy database Ton

TABLE 2 | Explanatory variables, control variables, threshold variables, and mediating variables used in empirical studies.

Variable Abbreviation Measurement Source Unit

Explanatory
variable

Green technology
innovation

GTI Green patent applications CNRDS green patent- GPRD
database

Ten thousand

Control variable Industrial structure IS The proportion of the output value of secondary
industry in GDP

National bureau of statistics %

Foreign direct investment FDI The proportion of FDI in regional GDP Provincial statistical yearbooks %
Energy price PRI Purchase price indexes of fuel and power China price yearbooks Thousand yuan

Threshold
variable

Economic development
level

EDI Per capita GDP National bureau of statistics Ten thousand
yuan

Mediating
variable

Upgrade of industrial
structure

INS The hierarchical coefficient of industrial structure China macro database —

TABLE 3 | Descriptive statistics of variables.

Variable Obs Mean Std. Dev Min Max

Energy efficiency 420 1.202 0.360 0.632 3.181
Green technology innovation 420 0.408 0.715 0.001 5.603
Industrial structure 420 0.388 0.084 0.118 0.530
Foreign direct investment 420 0.023 0.018 0 0.082
Energy price 420 4.415 2.509 0.432 9.784
Upgrade of industrial structure 420 1.891 0.060 1.664 1.997
Economic development level 420 2.908 2.021 0.412 13.066
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estimate the parameters of the model, and the results are shown in
Table 5.

Table 5 shows that with the economic development level as the
threshold variable, green technology innovation has a threshold
effect on energy TFP. From the regression results of the panel
threshold effect, the promotion of green technology innovation to
energy TFP is restricted by the threshold effect of the economic
development level. When the level of economic development is below
the threshold value of 7.248, the influence coefficient of green
technology innovation on energy TFP is relatively low, which is
0.113. When the level of economic development crosses the
threshold value of 7.248, the influence coefficient of green
technology innovation on energy TFP is increased to 0.536. This
indicates that the impact of green technology innovation on energy
TFP is different at different levels of economic development. Under
the low level of economic development, due to extensive economic
management, it is difficult for the economic entities to achieve the
balance between their own interests and the social benefits in
production decision-making, and they pay more attention to their
own short-term economic interests; correspondingly, the low level of
economic development leads to low promotion of green technology
innovation on energy TFP. With the improvement of the level of
economic development, the decision-making behavior of economic
entities is more focused on strategic development. Local governments
gradually implement environmental regulations and other measures
to promote the economic transformation of various regions.
Therefore, the promotion of green technology innovation on
energy TFP is significantly improved.

MECHANISM ANALYSIS OF THE IMPACT
OFGREENTECHNOLOGY INNOVATIONON
ENERGY TOTAL FACTOR PRODUCTIVITY
Mediating Effect Model Setting
Green technology innovation has positive promoting effect on
economic growth, and this positive role has a threshold effect, so

the impact of green technology innovation on energy TFP is not
direct, but through other channels. Enterprises are the main body
of technological innovation. When technology and capital are
combined, they will have a very important impact on the industrial
ecology. From the perspective of industrial evolution, technological
innovation promotes the upgrading of the industrial structure. In
terms of energy consumption, the period of industrialization has
greatly increased energy consumption. With the evolution of
industrial structure, the industry has gradually developed to the
tertiary industry. On the one hand, through the improvement of
industrial technology, the comprehensive utilization efficiency of
energy has been greatly improved, and then promoting carbon
emissions reach the peak faster, which has effectively improved
the total factor productivity of energy. On the other hand, the
industrial structure gradually shifts from a higher proportion of
high-energy industries to a higher proportion of low-energy
industries, thus reducing the amount of energy consumption.
Green technology innovation needs strategic adjustment. For the
micro entity, it is difficult to cover the short-term investment cost of
green technology innovation before it reaches a certain level of
economic development. Therefore, there is a threshold in the impact
of green technology innovation on energy TFP. Based on the above
analysis, the impact of green technology innovation on energy TFP is
affected by the way of the industrial structure; that is, there is a
mediating effect of the industrial structure, but there may be
differences among different regions.

In order to study the influence mechanism of green technology
innovation on energy TFP and explore the mediating effect, this
part introduces industrial structure upgrading as the mediating
variable on the basis of the theoretical analysis. The mediating
effect models are as follows:

EEit � θ1 + cGTIit +∑
3

k�1β1kCONTRikt + ε1, (10)

INSit � θ2 + aGTIit +∑
3

k�1β2kCONTRikt + ε2, (11)

EEit � θ3 + c ′GTIit + bINSit +∑3

k�1β3kCONTRikt + ε3, (12)

TABLE 4 | Test results of threshold effect of the full sample.

Threshold RSS MSE F-stat Prob Crit10 Crit5 Crit1 Threshold
value

95%
confidence
interval

Single 12.981 0.032 68.590** 0.013 44.926 52.529 73.016 7.248 7.220, 7.3501
Double 12.670 0.031 9.980 0.657 93.931 114.569 170.981 — —

TABLE 5 | Parameter estimation results of a single threshold model with full sample.

Variable Coef. Std. Err. T P>t 95% confidence
interval

IS −0.626*** 0.224 −2.800 0.005 −1.065, −0.186
FDI −4.507*** 1.029 −4.380 0.000 −6.529, −2.484
PRI 0.0154 0.018 0.840 0.399 −0.020, 0.051
GTI (EDI ≤ 7.248) 0.113*** 0.019 5.850 0.000 0.075, 0.152
GTI (EDI > 7.248) 0.536*** 0.053 10.050 0.000 0.431, 0.641
_Cons 1.420*** 0.119 11.930 0.000 1.186, 1.654
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where EEit represents the energy TFP; GTIit represents the green
technology innovation; INSit represents the industrial structure
upgrading, that is, the mediating variable; CONTRikt represents
the control variables, including industrial structure (IS), foreign
direct investment (FDI), and energy prices (PRI); subscripts i, t,
and k represent different provinces, time, and control variables,
respectively, i � 1,2,. . .,31, t � 1,2,. . .,9, k � 1,2,3; and ε represents
the random error term.

In the mediating effect analysis, Model (10) is first regressed to
test whether the regression coefficients of energy TFP and green
technological innovation are positive, and only when the
coefficients are significantly positive the next test can be
carried out; otherwise, the test is terminated. Second, Model
(11) is regressed to test whether the regression coefficients of
the mediating variable industrial structure upgrading and green
technology innovation are significantly positive, and if they are
significantly positive, green technology innovation supports the
upgrading of the industrial structure. Then, Model (12) is
regressed, and if the coefficients c′ and b are significant and
the value of c′decreases compared with that of c, there is a partial
mediating effect, and if the coefficient c′ is not significant while
the coefficient b is significant, there is a complete mediating effect.

Mediating Effect Test and Result Analysis
The parameters in Models (10)–(12) are estimated by using the
same sample data, and the results are shown in Table 6.

Table 6 shows that green technology innovation influences
energy TFP through the channel of industrial structure
upgrading; that is, industrial structure upgrading has a
mediating effect in the influence mechanism. The overall
regression results show that the regression coefficients of both
green technology innovation and industrial structure upgrading
on energy TFP are significant, indicating that the total effect is
significant. In Model (10), the impact of green technology
innovation on energy TFP is verified. The coefficient of GTI is
0.192, which is significantly positive at the level of 1%, indicating
that green technology innovation promotes energy TFP. InModel
(11), there is a significant positive correlation between green

technology innovation and industrial structure upgrading at the
level of 1%, which indicates that green technology innovation
accelerates industrial structure upgrading. In Model (12), after
adding the industrial structure upgrading variable to Model (11),
the coefficients of green technology innovation and industrial
structure upgrading are significantly positive, and the coefficient
of green technology innovation is reduced from 0.192, when there
is no mediating variable, to 0.0758. It indicates that industrial
structure upgrading plays a partial mediating effect in the impact
of green technology innovation on energy TFP.

It can be concluded from Table 7 that the mediating effect of
the industrial structure in the influence mechanism of green
technology innovation on energy TFP is robust. Compared with
the empirical results in Table 6, the significance and direction of
parameter estimation in Table 7 have not changed, and the
mediating effect has not changed significantly. Through the
Bootstrap test, the direct effect value of green technology
innovation on energy TFP is 0.12, while the indirect effect
value of green technology innovation on energy TFP through
industrial structure upgrading is 0.09, and the mediating effect
accounts for 42.86% of the total effect, and the effect is significant.
According to Table 7, the confidence intervals of direct and
indirect effects are observed, excluding 0, indicating that the
mediating effect of green technology innovation on energy TFP
through industrial structure upgrading is tenable and robust.

HETEROGENEITY ANALYSIS ON THE
IMPACT OF GREEN TECHNOLOGY
INNOVATION ON ENERGY TOTAL FACTOR
PRODUCTIVITY

Sample Partition Based on Regions
According to the above test results, green technology innovation
has a threshold effect on energy TFP, so to a large extent, the
impact of green technology innovation on energy TFP is
heterogeneous. It can also be known from the aforementioned
descriptive statistics that there are differences in the level of
economic development, green technology innovation, and energy
TFP in different regions. As a country with extremely uneven
economic development, China has significant differences in the
level of economic development among different provinces.
Therefore, this part analyzes the heterogeneity of the impact of
green technology innovation on the energy TFP based on regional
differences.

Provincial administrative regions are the main basis of
regional division in China. Most of the research literature
works on Chinese regions are based on Chinese mainland
provincial administrative regions. This study also divides
regions into 30 provincial administrative regions (excluding
Tibet). According to the descriptive statistics of variables in
Table 3, combined with the level of economic development
and the practice of most literature, 30 provinces are divided
into three regions: the eastern, the central, and the western
regions. There are 11 provinces and municipalities in the
eastern region, including Beijing, Tianjin, Hebei, Liaoning,

TABLE 6 | Mediating effect results (with the stepwise regression coefficient
method).

Model 10 Model 11 Model 2

EE INS EE

GTI 0.192*** 0.0374*** 0.0758***

(0.0219) (0.00324) (0.0223)
IS −0.722*** 0.189*** −1.310***

(0.186) (0.0275) (0.174)
FDI 4.068*** 0.621*** 2.140***

(0.872) (0.129) (0.796)
PRI −0.00909 −0.00314*** 0.000682

(0.00625) (0.000925) (0.00563)
INS — — 3.107***

(0.295)
_Cons 1.349*** 1.802*** −4.250***

(0.0826) (0.0122) (0.536)
N 420 420 420
R2 0.243 0.348 0.403
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Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and
Hainan. The central region includes eight provinces such as
Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and
Hunan. There are 11 provinces and municipalities in the western
region, including Inner Mongolia, Guangxi, Chongqing, Sichuan,
Guizhou, Yunnan, Shanxi, Gansu, Ningxia, Qinghai, and
Xinjiang.

Empirical Result Analysis
According to the division of regions, three subsamples are
obtained. The test of the threshold effect shows that there is
heterogeneity in the threshold values of the three subsamples.
Therefore, the threshold effect of the three subsamples should be
tested separately. The specific test results are shown in Table 8.

From Table 8, it can be concluded that with the level of
economic development as the threshold variable, there is
heterogeneity in the threshold of three subsamples. With the
level of economic development as the threshold variable, the
green technology innovation in the western region has a single
threshold effect on the energy TFP, but there is no threshold effect
in the eastern and central regions. The F statistic value of the
single threshold effect test is 67.63, which is significant at the level
of 1%, and the F statistic value of the double threshold effect test is

12.99, which has not passed the significance test. The F statistic
values of the threshold effect test in both the eastern and the
central regions do not pass the significance test. Therefore, it can
be concluded that the threshold effect of green technology
innovation on energy TFP has spatial regional differences with
the level of economic development as the threshold variable. At
the same time, the results of the threshold effect test show that the
central and eastern regions have crossed a certain stage of
economic development.

Based on the above analysis, the parameters of the threshold
effect in the western region are estimated, and the results are
shown in Table 9.

Combining the results in Table 5 and Table 9, it can be seen
that the threshold effect range of green technology innovation on
the energy TFP in the western region is lower than that of the full
sample. In Table 5, the threshold effect values of the full sample
are 0.113 and 0.536, and in Table 9, the threshold effect values of
the western region are 0.239 and 4.062. The range of the threshold
effect value in the western region becomes smaller, while the
threshold effect in the eastern and central regions no longer exists,
indicating that when economic growth goes beyond a certain
limit, the positive effect of green technology innovation on energy
TFP will play a promoting role, which can be gradually

TABLE 7 | Robustness test results with the Bootstrap sampling method.

Observed coef. Bootstrap bias Std. err. [95% confidence interval]

_bs_1 0.11612765 0.0022904 0.02018737 [0.0841069, 0.1630998] (P)
_bs_2 0.07575624 0.0044155 0.04001455 [0.0832859, 0.1592377] (BC)

[0.0109262, 0.1629893] (P)
[0.0159503, 0.1718576] (BC)

TABLE 8 | The threshold effect test results of the three sub-samples.

Area Threshold RSS MSE Fstat Prob Crit10 Crit5 Crit1 Threshold
value

95% confidence
interval

The eastern region Single 6.357 0.045 29.600 0.170 36.280 45.322 68.287 — —

Double 5.856 0.042 11.980 0.410 30.249 44.094 55.567 — —

The central region Single 1.780 0.018 4.620 0.827 30.135 47.994 89.777 — —

Double 1.720 0.018 3.460 0.787 15.305 20.899 31.218 — —

The western region Single 1.897 0.013 67.630*** 0.003 25.631 31.058 45.846 4.062 [3.864, 4.146]
Double 1.736 0.012 12.990 0.267 77.997 123.978 196.252 — —

TABLE 9 | Parameter estimation results of the single threshold model in the western region.

Variable Coef. Std. Err. T P > t 95% confidence
interval

IS 0.310 0.263 1.180 0.240 −0.210, 0.831
FDI −13.929*** 1.756 −7.930 0.000 −17.401, −10.457
PRI −0.047** 0.019 −2.560 0.012 −0.084, −0.011
GTI (EDI ≤ 4.062) 0.239*** 0.064 3.730 0.000 0.112, 0.366
GTI (EDI > 4.062) 4.495*** 0.528 8.510 0.000 3.450, 5.540
_Cons 1.298*** 0.114 11.430 0.000 1.073, 1.522
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independent on the level of economic development. According to
the estimated results of the parameters in Table 9, when the level
of economic development is below the threshold value of 4.062,
the influence coefficient of green technology innovation on
energy TFP is 0.239. When the level of economic development
increases above the threshold value of 4.062, the influence
coefficient of green technology innovation on energy TFP is
4.495. This indicates that with the development of the western
region, the role of green technology innovation in promoting
energy TFP is becoming more and more significant, so in the
construction of the western economy, the investment of green
technology innovation should be increased, and the improvement
of energy TFP should be promoted, so as to achieve a win–win
situation.

CONCLUSION

By constructing the panel threshold effect model and using
Chinese mainland provincial data, this study examines the
impact of green technology innovation on energy TFP and
analyzes its mechanism and heterogeneity. The conclusions are
as follows:

First, with the level of economic development as the threshold
variable, green technology innovation has heterogeneous
threshold effect on energy TFP. Based on the data of the full
sample, it is estimated that the impact of green technology
innovation on energy TFP is restricted by the level of
economic development, and there is a single threshold effect.
However, combining with the empirical analysis results, it can be
found that this threshold effect does not exist in the central and
eastern regions. Green technology innovation has positive effect
on energy TFP, which indicates that green innovation must be
promoted in order to achieve long-term sustainable development
of economy. From the threshold effect, the promotion effect of
green technology innovation on energy TFP increases with the
improvement of the economic development level.

Second, green technology innovation has an impact on energy
TFP through industrial structure upgrading; that is, industrial
structure has mediating effect in the influence mechanism.
Industrial structure upgrading realizes industrial structure
optimization by increasing the proportion of the tertiary
industry, improving energy utilization efficiency through

technology innovation and product upgrading, and improving
energy TFP.

Third, the impact of green technology innovation on energy
TFP is heterogeneous in the western, central, and the eastern
regions of China, and the threshold effect only exists in the
western region, since the economic development of the central
and eastern regions has crossed a certain stage. In the eastern and
central regions, there is no threshold effect in the impact of green
technology innovation on energy TFP, while in the western
region, there is a single threshold effect, and the impact of
green technology innovation on energy TFP increases
significantly with the level of economic development. In the
eastern and central regions of China, the effectiveness of green
technology has exceeded a certain stage, and green technology
innovation has gradually played a strategic role in promoting the
total factor productivity of energy.
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